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The objective of this research is to simulate crashworthiness for Out-of-Position 
(OOP) occupants incorporating a 50th percentile Hybrid III dummy and a side curtain 
airbag in a 1996 Dodge Neon under side impact scenarios. Two different methods of 
airbag techniques namely, the uniform pressure (UP) and the smooth particle 
hydrodynamics (SPH) were compared. This study revealed that there is minimal 
difference between UP and SPH methods when the dummy’s head impacts the airbag 
after it has fully inflated. However, when the dummy’s head impacts the airbag during 
the inflation process, the modeling of the airbag gas dynamics becomes critical in 
predicting the dummy response. The SPH method, which models the gas dynamics in the 
airbag, causes the airbag to unroll more uniformly. Depending on the timing of the 
dummy’s head impact with the airbag these differences in inflation can produce 
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1.1 Crashworthiness and Occupant Protection 
The first motor vehicle accident in 1889 made the engineers think about 
automotive safety as a field of study [1]. Since then vehicle crashworthiness and occupant 
safety have remained the major aspects of vehicle design in the automotive industry. The 
ability of a structure and any of its components to protect its occupants in a crash is called 
crashworthiness. If the forces during a crash are more than the vehicle’s absorbing 
capacity the occupants may be injured or killed. To meet the high demand from 
customers for safer vehicles the National Highway Traffic Safety Administration 
(NHTSA) has put forward some mandatory safety standards through Federal Motor 
Vehicle Safety Standards (FMVSS) that manufacturers of motor vehicles must conform 
and certify compliance [2]. To achieve the goal of crashworthiness, designers need to 
limit the deformation of critical components as much as possible. To do so, they have to 
create vehicle designs that can deform plastically over a short time scale to absorb the 
energy produced in a crash while meeting all the safety standards. 
1.1.1 Evolution of Finite element Technology 
 The advent of new technologies has had a great impact on determining the 
vehicle’s crashworthiness. This paved the path for the development of finite element (FE) 
codes, which have helped researchers evaluate the crashworthiness of a vehicle using FE 
models. After the introduction of FE code in the early sixties it took 25 years for 
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researchers to apply FE technology successfully in vehicle crashworthiness. Structural 
crashworthiness took a major turn in the mid 1980’s with the development of 
supercomputers and explicit finite element codes [3]. Before this, nonlinear finite 
elements codes used primarily implicit solutions [4]. In 1981, Winter [5] simulated the 
first crash model using the DYNACAST implicit solver. He used a vehicle model that 
used a combination of triangular, beam, bar and spring elements. Argyris [6] presented 
the theoretical background and code for the implicit FE formulation. The main limitations 
of the implicit FE code used was the inability to account for contact and also the 
excessive demand for computer storage and speed. Two years later Haug used the 
implicit-explicit FE PAM-CRASH code to analyze the response of a unit body passenger 
vehicle structure [7]. 
Structural crashworthiness analysis took a giant leap with the birth of explicit 
finite element codes which could handle more complex vehicle structures. It appears that 
Belytschko [8] was the first to introduce the use of explicit codes in vehicle 
crashworthiness analysis. Forchungsgemeinschaft-Automobiltechnik (FAT) of the 
German automotive industry undertook two projects in 1983 where they built FE models 
of a BMW 300 and a VW POLO. The models were built using 6000-7000 quadrilateral 
elements. The success of the projects laid the foundation for other European car 
companies to extensively use the explicit finite element techniques in crashworthiness 
engineering [9]. The ESI group used the explicit finite element technology by modeling 
the front vehicle structure of the VW POLO impacting a rigid wall at 13.4 m/s. 
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1.1.2 Development of Full Vehicle Crash Models 
Crashworthiness is an important research area focusing on improving vehicle 
safety through computer simulation and optimization without sacrificing the 
manufacturing cost and vehicle performance. Over the past few years, various finite 
element (FE) vehicle models have been created and used in simulations of different crash 
impacts [10-15]. Due to the high computational cost of crash simulations, these models 
were created in such a way that fine meshes were only used within and near the crash 
zone, and very coarse meshes were used elsewhere. As a result, these models cannot be 
used interchangeably because different crash scenarios have different impact zones.  
In recent years, the rapid development of computer technology has made 
computer-based design a promising and efficient tool. With the aid of finite element (FE) 
programs designed for dynamic contact problems, a crash simulation can be used to 
evaluate safety parameters such as acceleration, intrusion distance, intrusion velocity, 
and/or contact forces. By coupling FE simulation tools with some mathematical 
procedures, a vehicle’s design can be optimized to improve its crashworthiness 
characteristics without sacrificing other important factors such as the manufacturing cost. 
However, even with the aid of parallel computing and commercial FE programs 
for solving impact problems, such as LS-DYNA, PAM-CRASH, ABAQUS, and 
RADIOSS, the computational cost of crash simulations using full vehicle models is still 
very expensive. For example, using a full-scale FE model of 286,011 nodes and 273,108 
elements, it took approximately ten hours to run a single simulation of impact for 100 ms 
with 16 processors on an IBM Super Cluster [10]. For this reason, reduced models 
including both component FE models and full-vehicle FE models with fewer degrees of 
freedom have been developed and used in many crash simulations [11-15]. Although 
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helpful in understanding the mechanism of crashes, the reduced models have major 
limitations. Since crash simulations typically involve large deformations, the structural 
constraint and loading conditions on a component is complicated and non-constant. This 
complexity makes it extremely difficult to exactly apply these conditions to a component 
FE model for even a single crash scenario. Many reduced full-vehicle models were 
developed such that fine meshes were used in areas with large anticipated deformations, 
and very coarse meshes are used in areas with very small or no deformations. Some 
components were even not included in the model. These simplifications were typically 
based on test results and/or experiences. However, when crashworthiness virtual design 
evaluation is performed on such models using optimization technique, in which the 
designs are changed, the assumption of small or no deformations on the initial model may 
become invalid. Consequently using such a model is inappropriate. Furthermore, the 
reduced full-vehicle model can typically be used for only one crash scenario and would 
not be appropriate for crashworthiness optimization involving multiple crash impacts 
[12]. Over the years more sophisticated finite element models (in terms of accuracy, 
fidelity and size) were developed to be used in multiple impact scenarios. Many 
researchers have used such models to successfully evaluate the crashworthiness of 
different vehicles. For instance, Fang et al [11] conducted a study that showed that 
analysis of energy absorption is an efficient and effective way to select components for 
crashworthiness design optimization. This analysis was achieved by simulating a 1996 
Dodge Neon model in 40% offset-frontal and side impact scenarios. Kirkpatrick et al [16] 
developed and validated a Ford Crown Victoria model by digitizing the vehicle to 
characterize the geometry and measure the mechanical properties. The nonlinear finite 
element simulation of a 1994 Chevrolet C-1500 truck was done by Zaouk [17] where he 
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validated the model for frontal and side performance along with road side hardware 
design.  
1.2 Importance of Out-of-Position Study 
With the increasing usage of airbags, the number of accidents where the airbag 
itself causes injury to the occupant has also increased [18].  Interaction of the occupant 
and airbag in OOP (Out-of-Position) cases is especially challenging since the occupant 
may be in close proximity to the airbag upon inflation.  In OOP cases, the modeling of 
the initial inflation of the airbag is significant for predicting the occupant impact. Figure 
1.1 shows various OOP conditions that could be experienced by the occupant. Several 
different modeling methods are available for simulating airbag such as the Uniform 
Pressure (UP) method, the Arbitrary Lagrangian-Eulerian (ALE) method, and the Smooth 
Particle Hydrodynamics (SPH) method.  In this thesis, the primary focus is to evaluate 
the effect of using the latest advanced SPH modeling techniques available in the 
commercial finite element code LS-DYNA.  Therefore this study uses a finite element 
(FE) modeling frame work for side curtain air bag modeling to compare the current LS-
DYNA advanced SPH  modeling techniques with the conventional uniform pressure 
method are discussed. The crash simulation study is performed for OOP occupants 
incorporating publicly available models of a 50th percentile Hybrid III dummy in a 1996 





Figure 1.1 In Position and OOP conditions that could be experienced by the occupant. 
1.3 Organization of thesis 
The rest of the thesis is organized as follows. Chapter II gives an overview of the 
vehicle modeling and airbag modeling techniques. Three different types of airbag 
modeling techniques and their verification are explained. Then, the finite element models 
of the Dodge Neon and Hybrid III dummy are described along with validation 
simulations for the FE Dodge Neon model and airbag. Chapter III discusses the out-of-
position simulations and performs a parametric study of the Dodge Neon model under 
side impact. In this chapter, the UP and SPH methods are compared for different OOP 
cases by calculating the dummy’s peak head acceleration and head injury criteria. 





AIRBAG AND VEHICLE MODELING 
2.1 Airbag Modeling 
The objective of this study is to outline a finite element (FE) modeling framework 
for side curtain air bag modeling that compares the current LS-DYNA advanced SPH 
modeling techniques for OOP occupants with the conventional Uniform Pressure method, 
incorporating publicly available models of a 50th percentile Hybrid III dummy in a 1996 
Dodge Neon under side impact.  This chapter gives a brief overview of the various airbag 
modeling methods as well as a comparison of simulations results with experimental data 
found in the literature. 
2.1.1 Airbag Modeling Methods 
For the past 15 years, the UP method has been used for modeling airbag inflation. 
This method does not model gas flow inside the airbag and assumes a uniform pressure 
throughout the airbag. The UP method delivers good results when the occupant comes in 
contact with a fully inflated airbag, as is the case for in-position frontal impacts. ALE and 
SPH methods consider gas flow in the airbag and more accurately capture airbag and 
occupant interaction for the OOP case. In the following sections the UP, ALE and SPH 
methods are briefly explained. 
 
8 
2.1.1.1 Uniform Pressure (UP) Method 
The Uniform Pressure (UP) method is the standard simulation method of 
deploying an airbag in LS-DYNA [19]. This method has been widely used in crash 
simulations and airbag studies for the past 15 years. The UP method assumes no heat 
transfer and that the inflating gas behaves as an ideal gas with a constant specific heat 
[20]. 
The volume of the airbag at any given timestep is calculated by applying Gauss’ 
theorem relating surface area and volume. From the known volume, the specific internal 






                                                                                        (2.1) 
where, at any two time states, e1 and e2 are the specific internal energies, and v and v2 are 
specific volumes. 
Once the volume has been calculated, the density can also be calculated for the 
next timestep. The density can be used to calculate the pressure inside the airbag by 
 
P k 1( ) e                                                                                                (2.2) 
where P is the airbag internal pressure, ρ is the density of the ambient air, k is the ratio of 
specific heats, e is the specific internal energy at any time. 
This pressure is then uniformly applied to the internal surface of the airbag fabric. 
From the applied force, the volume is again calculated and this routine is iterated until the 
airbag is fully inflated. From the conservation of mass, the time rate of change of mass 
flowing into the bag is given as dM/dt. The input mass flow rate is given by a load curve 
defined by the card *DEFINE_CURVE in LS-DYNA. 
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2.1.1.2 Arbitrary Lagrangian-Eulerian (ALE) Method  
In a Lagrangian system, all the computational mesh nodes follow the associated 
material nodes since the mesh nodes are embedded in the material nodes [20]. This 
approach cannot simulate large distortion without requiring frequent remeshing. In an 
Eulerian system, computational mesh nodes are fixed in position, whereas material nodes 
are free to move with respect to the Eulerian grid. ALE is a technique where 
computational mesh nodes can move with material nodes as in a Lagrangian system or 
remain fixed as in an Eulerian system. Figure 2.1 depicts the three systems. 
In the ALE formulation, the Lagrangian timestep is first performed followed by 
an advection step. In the advection step, there is transport of mass between elements and 
the mesh is mapped from the distorted Lagrangian mesh to the undistorted mesh, as 
shown in Figure 2.2. In airbag simulations, a second order advection method is used 
based upon the Van Leer procedure [21]. In order to enable interaction between the gas 
(Euler element) and the airbag (Lagrangian element), there are two coupling methods 
available: penalty-based coupling and constrained-based coupling. Penalty-based 
coupling is preferred as energy is conserved even though there are stability problems. 
Details about the algorithm and coupling methods can be found in the LS-DYNA theory 





Figure 2.1 Lagrangian mesh (top), Eulerian mesh (middle), ALE mesh (bottom) 








Figure 2.2 ALE Lagrangian step followed by advection step. 
2.1.1.3 Smooth Particle Hydrodynamics (SPH) Method 
The SPH method is based on the kinetic molecular theory and dates back to 1738 
when Daniel Bernoulli proposed a theory that air pressure against a piston is built up by 
discrete molecular collisions. From the kinetic molecular theory, we know that 
 




M                                                                                                    (2.4) 
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where P is the internal pressure, V is the airbag volume, n  is the amount of gas in moles, 
R is the universal gas constant, T is the airbag temperature, vrms is the root mean square 
velocity, and M is the mass of gas. 
In the kinetic molecular theory, pressure is a function of translational kinetic 
energy only, so a few large molecules with a total mass of Mtot will produce the same 
pressure as many small molecules with the same mass as long as their root mean square 




Figure 2.3 In the SPH method, many molecules are replaced by fewer particles with 
the same pressure and root mean square velocities which results in shorter 
simulation times. 
In an airbag, pressure is built up by discrete particle-fabric impacts. Moreover, 
particle-particle collisions are necessary for realistically dynamical behavior of the gas. 
Particles are assumed spherical for efficient contact treatment.  For every 1 liter of airbag 
volume, it is recommended that there be 4000 – 5000 particles for best results [23]. The 
details of the SPH method are given in the work by Olovsson [23]. 
The response difference between the ALE and particle methods is depicted in the 
example shown in 2.4. In this example, a tightly twice-folded tube is deployed using the 
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ALE and SPH methods. Remarkable differences between both methods can be seen as 
the folded tube expands. With the ALE method, the tube opens up one element row at a 
time since the fluid cannot reach any region beyond the folds.  However, with the particle 
method, some particles are sent through the tight folds allowing a more realistic 
unfolding as stated by Hirth [24]. 
 
 
Figure 2.4 Comparison of the inflation process of ALE and SPH  methods using a tube 
[24]. The SPH method produces more realistic unfolding of the tube. 
For a folded airbag, the gap between two layers of fabric is around 1 mm. For a 
computationally cost effective simulation using the ALE method, the Eulerian elements 
would be 5-10 mm, which is significantly larger than the gap between the fabric layers of 
a folded bag. This low resolution in Eulerian space compared to the characteristic length 
in Lagrangian space can cause difficulties in predicting gas-fabric interactions near the 
gas wave front. This phenomenon was studied extensively by Ning Zhang [25]. 
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2.1.2 Airbag Modeling Verification 
A literature review revealed work performed by Autoliv Research and Vinova 
[18], where an airbag was inflated with a mass sitting on the bag, as shown in Figure 2.5.  
This experiment provides a good baseline result for comparing for the two modeling 
techniques. 
The experimental setup consisted of four parts which can be viewed in Figure 2.5. 
The gas tank (1) is filled with pressurized nitrogen. The hose (2) connects the pressurized 
bottle with the airbag and has a total length of 1.2 meters. The airbag (3) is square in 
plane with side lengths of 0.643 m. A head form (4), which has a 0.16 m diameter and 
mass of 4.8 kg was placed just above the airbag before inflation. 
 
 
Figure 2.5 Schematic of experimental setup from work performed by Autoliv 
Research and Vinova [18]. 
As the airbag is inflated, the pressure (P0) and temperature (T0) in the gas bottle, 
were recorded as well as the pressure at the connection point between the bag (Pbag) and 






Figure 2.6 (a) Time evolution of the gas tank temperature and (b) Time evolution of 
the  inlet and bag connection point pressure [18]. 
Since the mass flow rate was not explicitly given, the pressure and temperature 
curves were digitized for calculation of the required mass flow rate input parameters. The 
mass flow rate and temperature of the gas flowing into the airbag could then be estimated 
by the average temperature method developed by Kang [26]. The resulting mass flow rate 





Cv Pb Vb Rb Q
Cv Ri Cv Rb Tb Cp Rb Ti       (2.5) 
Assuming that there is no heat transfer (Q = 0) and constant gas properties  (Cv*Ri-Cv*Rb 




Cp Rb Ti          (2.6) 
where mb is the mass flow rate, Cv is the specific heat at constant volume, Cp is the 
specific heat at constant pressure, Pb is the pressure at the bag mounting point, Vb is the 
volume of bag, Rb is the gas constant, Ti is the temperature at the inlet. The mass flow rate 
curve as a function of time is shown in figure 2.7. 
 
 
Figure 2.7 Calculated mass flow rate from the tank pressure and temperature data. 
One of the difficulties in reproducing this experiment was the lack of material 
properties for the airbag material given in the work by Marklund and Nilson [18].  The 
basic material compositions of fabric are typically nylon, polyester or other polymers 
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[25]. Figure 2.8 shows an enlarged view of the fabric material. The material properties 
for the airbag material were extracted from the study by Soongu Hong [28]. 
 
(a) (b)  
Figure 2.8 The LS-DYNA material model FABRIC (MAT_34) was used to simulate 
the airbag material [19]. Two different views of the airbag fabric: (a) 
enlarged view of airbag fabric (b) fabric roll.  
 The airbag model was a square with sides measuring 0.643 m consisting of 4096 
shell elements. Table 2.1 lists the airbag material and gas properties. The head form was 
modeled as a rigid body with a mass of 4.8 kg, and constrained to move only in the 
vertical direction. 
Table 2.1 Airbag material and gas properties 
Density of airbag,  1000 kg/m3 
Young’s modulus of airbag, E 3.0E8 N/m2 
Poisson’s ratio,  0.35 
Cp 1040 J/kg K 
Cv 743 J/kg K 
Density (T=273 K,  P= 1.013 bar) 1.25 kg/m3 
Ambient Pressure 1.013 bar 
 
Having calculated the mass flow rate input required for the UP and SPH methods, 
simulations were performed of the airbag experiment performed using each method.  The 
ALE simulation results provided by Marklund and Nilsson [18] were used for 
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comparison.  The SPH simulations were performed using 250,000 particles.  The UP 
simulation took only 544 seconds to complete, while the SPH simulations took 8,847 
seconds on an 8 processor, Symmetric Multiprocessing (SMP) machine. Figure 2.9 
compares the incremental deformation of the airbag models with experimental results.  
The deformation patterns of each of the model results compares reasonably well with 
experiments. Figure 2.10 compares the acceleration and velocity of the head form of the 
different simulations methods with experimental results. 
 
 
Figure 2.9 Comparison of the deformed patterns of the airbag from simulations with 
test results at different times.  Three different airbag methods: UP, ALE 
and SPH  were compared with the test data. The deformation patterns of 






Figure 2.10 (a) Acceleration and (b) velocity of head form compared between three 
different airbag methods: UP, ALE and SPH and experiment data. The 
head form was placed directly on the airbag. The SPH method produced a 
high initial peak when compared to UP method because the head form was 
placed directly on the inflator from which the gas particles are released 
.[18]. 
The UP method assumes constant thermodynamic properties over the inside 
surface of the airbag.  With the head form initially sitting on the bag directly over the 
inflator, this assumption does not accurately capture the gas dynamics occurring and thus 
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produces a head form acceleration response that is less than the actual value. On the other 
hand, as the particle method discretizes the gas flow, initially there is a higher 
acceleration induced in the head form since it is sitting directly on top of the inflator. In 
the UP method, the gas flow is not discretized and a constant pressure is assumed 
throughout the airbag, resulting in a lower initial acceleration response of the head form. 
The intent of reproducing the experimental work was not necessarily to compare 
the simulation results with the experimental data, but to compare the simulation methods 
with each other. 
2.2 Vehicle Modeling 
In this section, the development and verification of the publicly available 1996 
Dodge Neon FE model that was used for performing the side curtain airbag study is 
detailed. Initially, full frontal crash simulations were performed and compared with test 
data to verify the fidelity of the Neon FE model.  Next, a publicly available Hybrid III 
50th percentile dummy and 1-D seatbelt were integrated into the Neon FE model.  Lastly, 
side impact simulations were performed on the refined Neon model. 
2.2.1 Dodge Neon FE Model 
The 1996 Dodge Neon vehicle model was used in this study because it was a 
publicly available model. The model was originally developed by George Washington 
University and was made available for download on the National Crash Analysis Center 
(NCAC) website [29]. There was no test dummy or a seatbelt integrated into the model. 
The model has undergone extensive improvement and refinement over several years of 
use on various crash related projects at the Center for Advanced Vehicular Systems, 
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(b)     (c)  
Figure 2.11 FE model of 1996 Dodge Neon model [29] shown in three different views: 
(a) isometric view, (b) top view, and (c) Bottom view. The hood was 
removed in (b) for display purpose. It was a publicly available model 
developed by George Washington University. 
Table 2.2 Details of a 1996 Dodge Neon FE model used in the simulations. 
No. of parts 337 
Beam elements 122 
Shell elements 267786 
Solid elements 2852 
Discrete elements 8 
Mass (Kg) Model=1267,  Test=1262 




To verify the fidelity of the Neon model, full frontal crash simulations were 
performed at 56 kph (35mph) and the displacement, velocity and acceleration responses 
in various locations throughout the model were compared with the National Highway 
Traffic Safety Administration (NHTSA) crash test data [30].  The FE model was 
instrumented with seven accelerometers to measure the longitudinal accelerations at 
various locations, as shown in Figure 2.12 and Table 2.3. Mass nodes were distributed 
throughout the vehicle model to account for missing, noncritical components, as well as, 
for the crash test dummies.  As shown in Table 2.2, the mass of the model matches the 
actual test vehicle mass to within 5 kg.  Figure 2.13 shows the comparison of 
accelerations from several locations in the model with actual test data.  Figure 2.13 shows 
that the trend of the plots in FE simulation matches reasonably well with the test data. 
Also the peaks in the plots also match well to some extent. The small difference in the 




Figure 2.12 Locations of accelerometers placed in the FE model for comparison with 




Table 2.3 Description and node IDs of accelerometers positioned in the Neon FE 
model. 
Location Position 
Left seat 1 
Right seat 2 
Engine top 3 
Engine bottom 4 
Right brake caliper 5 
Left brake Caliper 6 




(b) (c)  
Figure 2.13 Acceleration vs time plots for a Dodge Neon in a frontal impact simulation 
at three different locations: (a) engine top, (b) left seat, and (c) right seat. 
Results show that FEA data compares well with the test report [30]. 
2.2.2 Integration of the Dummy and Seatbelt 
As mentioned in the previous section, the originally downloaded Neon FE model 
did not contain a test dummy or seatbelt. So, a publicly available Hybrid III, 50th 
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percentile, anthropomorphic test dummy (ATD) model developed by Livermore Software 
Technology Corporation (LSTC) [31] was integrated with the existing Neon model. The 
50th percentile dummy was calibrated for head and thorax impacts [32]. Figure 2.14 
shows the Hybrid III dummy model which was used in the simulations. 
 
 
Figure 2.14 Hybrid III, 50th percentile dummy model from LSTC which was used in all 
the simulations [31]. 
The Hybrid III 50th percentile dummy model was developed mainly for the frontal 
impact crash tests. The FE model was developed using six main assemblies: head, neck, 
torso, pelvis, arm and leg.  The head was connected to the neck using a revolute joint 
while the neck was connected to the torso using a rigid constraint. The arms and legs 
were connected to the body using the revolute and spherical joint respectively. The 
contact between the dummy components are defined by using the “automatic single 
surface” card in LS-DYNA. Defining the correct geometry, material properties and 
contacts are very essential to accurately represent the actual dummy. A coordinate 
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measuring machine (CMM) and laser techniques are used to accurately scan the 3D 
geometry of the dummy. Table 2.4 outlines the FE specifications of the model. 
The Hybrid III 50th percentile dummy is one of the most commonly used 
dummies for evaluating automotive safety restraint systems in crash testing. This dummy 
is accepted by several standards such as FMVSS 208, ECE R.94, and the European New 
Car Assessment Program (NCAP). This dummy represents the size and weight of an 
average American male, 175 cm (5’9”) tall and has a mass of 77 kg (170 lb). The 
Anthropomorphic Test Device (ATD) finite element specifications are shown in Table 
2.4. 
Table 2.4 Details of Hybrid III, 50th percentile dummy inserted into the Neon model 
[32]. 
Rigid elements 2453 
Beam elements 3 
Solid elements 2648 
Mass elements 32 




The dummy was integrated into the Dodge Neon using the “DymPos” tool in LS-
Prepost. The dummy was moved to a point where his back was aligned with the seat and 
his hands were positioned on the steering wheel. After adding the Hybrid III dummy into 
the Dodge Neon, a 1D three-point seatbelt with a load limiting pyro retractor was also 
added. As shown in Figure 2.15, the seat belt is anchored to the lower portion of the B-
pillar and passes through a slipring anchored at the top of the pillar. The belt then lies 
across the shoulder and chest of the dummy and passes through another slip ring on the 
right side of the driver’s seat where it then loops back across the pelvis area of the 
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dummy and is anchored on the left side of the driver’s seat. Table 2.5 outlines the details 
of the seatbelt model. A time delay sensor defines the time when the retractor locks the 
seatbelt during an impact and was set to lock the retractor at the start of the simulation. 
Table 2.5 Details of 1-D, three-point seatbelt model [33]. 
Mass per unit length 5.97 x 10-8 kg/mm 
Minimum length of the belt 2 mm 
Minimum tension on retractor 50 N 
Sensor type Time 
Retractor type Load limiting 
 
 
Figure 2.15 1D, three-point seatbelt was integrated into the Neon model to restrain the 
Hybrid III, 50th percentile dummy model. 
The seatbelt was modeled using the MAT_SEATBELT material model. The 
material card is shown in Table 2.6. The load – strain curve used for the seatbelt material 
is shown in Figure 2.16. This data was extracted from data provided by LSTC and was 
used for the simulations in this work since no other test data was available [33]. 
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Table 2.6 MAT_SEATBELT material card of the seatbelt. 
Variable MID MPUL LLCID ULCID LMIN CSE DAMP 
Value 1327 5.970E-8 200 201 2.0 0.0 0.0 




Figure 2.16 Load – strain data used for seatbelt modeling which was extracted from 
data provided by LSTC [33]. 
After adding the Hybrid III dummy model to the Dodge Neon model, the mass 
nodes that accounted for the dummy mass in the original Dodge Neon model were 
removed, producing the same total mass for the model. 
2.2.3 Side Impact with the Dodge Neon 
In this section, the development and verification of the 1996 Dodge Neon FE 
model that will be used for performing the side impact crash test is detailed. In the 
previous section, the Dodge Neon FE model was used to perform the frontal impact crash 
test and the results compared well with the test report data. Now, the fidelity of the same 
model was checked by performing a side impact simulation. Once again, the results were 
compared to the test data to verify that the model is adequate for the final OOP study. 
 
27 
2.2.3.1 Introduction to the Side Impact Crash Test 
The FMVSS 214 side impact test is designed to simulate a typical severe 
intersection collision between two moving vehicles in which a 3000 lbs (1360 kg). car 
strikes the test vehicle at a 90o  angle in the occupant compartment area. The test 
simulates a striking vehicle traveling at 30 mph (48.2 kph) and the test vehicle at 15 mph 
(24.1 kph). The side impact simulation is performed by having the test vehicle stationary 
and the striking vehicle is a “Moving Deformable Barrier” (MDB) that travels at 33.5 
mph (54 kph) at an angle of 63o with the longitudinal centerline of the test vehicle. The 
wheels of the MDB are “crabbed” 27o toward the rear of the test vehicle to ensure that the 
front of the MDB is parallel to the side of the test vehicle at the moment of impact [34]. 






Figure 2.17 Side impact setup of a Dodge Neon with a 50th percentile Hybrid III 
dummy. This shows the direction in which the moving deformable barrier 
strikes the vehicle. 
2.2.3.2 Vehicle Model Verification 
The vehicle model used to run the side impact test was the same one used in the 
frontal impact except for the positions of the accelerometers. The actual test vehicle had 
two dummies placed in the right front and rear designated seating positions according to 
the instructions specified in the side impact laboratory test procedure [34]. In the FE 
model, the dummy was placed in the left front seat and an equal amount of mass was 
added to the left rear seat because the test report had a right side impact whereas the FE 
simulations were run with a left side impact. The orientation of the axes and the positions 
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of the accelerometers were changed accordingly to appropriately measure the 
accelerations of the vehicle model to match the test vehicle. Table 2.7 and Figure 2.18 
show the positions of different accelerometers placed in the vehicle. 
Table 2.7 Description and IDs of accelerometers positioned in the Neon FE model in 
the side impact test. 
Location Accelerometer ID 
Left side sill at front seat 1 
Left side sill at rear seat 2 
Rear floor pan above axle 3 
Right side sill at rear seat 4 
Right side sill at front seat 5 
Left rear occupant compartment 7 
Front floor pan above axle 10 
Right lower B post 12 
Right mid B post 13 
Right lower A post 14 
Right mid A post 15 
Right front passenger seat  16 




Figure 2.18 Locations of accelerometers placed in the FE model for comparison with 
test data in the side impact test [34]. 
To test the fidelity of the model, the accelerations of various components of the 
vehicle were compared with the test data. The accelerometers were placed at different 
locations as shown in Figure 2.18 matching the locations of the accelerometers found in 
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the NHTSA FMVSS 214 test report. The ELEMENT_SEATBELT_ACCELEROMETER 
card was used to model these accelerometers and an SAE 60 filter was used to filter the 
data for plotting. From Figure 2.19, it can be seen that the acceleration data compares 
reasonably well with the test report data. The FEA plots follow a similar trends to that of 
the test data. The peaks of the acceleration also match well to some extent. If there is any 
difference it is due to various complex parameters involved in a crash simulation. 
 
(a) (b)  
 
(c)  
Figure 2.19 Acceleration vs time plots for a Dodge Neon in a side impact crash 
simulation at three different locations: (a) left side sill, (b) front door, and 
(c) rear floor pan above axle [34]. 
To compare the acceleration and velocity response of the dummy, accelerometers 
were placed in the pelvis, spine and rib of the dummy. After the simulation, the velocity 
and acceleration data of these accelerometers were plotted. As the dummy used in the 
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simulation was not a Side Impact Dummy (SID) the accelerometers were added at the 
correct locations as described in NHTSA FMVSS 214 test report. The 
ELEMENT_SEATBELT_ACCELEROMETER card was used to model these 
accelerometers. Finally, these accelerations and velocities were compared with the test 
report. An SAE 60 filter was used to filter the data for plotting. Figures 2.20(a) and 
2.20(b) show the dummy’s pelvis data. Figures 2.21(a) and 2.21(b) show the dummy’s 
spine data. From the plots, it can be seen that the acceleration and velocity of the dummy 
compares very well with the test data. 
 
(a) (b)  
Figure 2.20 (a) Pelvis acceleration and (b) velocity along y-direction in side impact 
crash simulation as a function of time. (Experimental data from Ref [34]). 
 
(a) (b)  
Figure 2.21 (a) Spine acceleration and (b) velocity along y-direction in side impact 
crash simulation as a function of time. (Experimental data Ref [34]). 
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2.2.3.3 Airbag Validation 
The airbag inflation time is very important in a side crash because there is very 
little time before the body of the car comes into contact with the dummy. Most side 
curtain airbags inflate in 20-30 ms after the onset of a crash [35]. Figure 2.22 shows the 
inflation time of the airbag used in this study had an inflation time of about 24 ms. 
 
(a) (b)  
Figure 2.22 Time lapse images showing the airbag (a) initial and (b) final states. The 
inflation time to be about 24 ms. 
The next important parameter in validating the airbag is pressure. The airbag 
should inflate to an optimum pressure to give sufficient protection to the occupant. If the 
pressure is too low during  impact, the dummy’s head might hit on the window causing 
an injury. If the pressure is too high during impact the airbag may lose its cushioning 
effect and the airbag itself might cause an injury. While comparing the UP and SPH 
methods it is important to make sure both methods produce the same final stabilized 
pressure. Figure 2.23 shows that the two methods produce virtually the same stabilized 
pressure after 30 ms from the onset of inflation.  As expected, the SPH method produces 
a higher initial pressure as the particles build up pressure before flowing through the 





Figure 2.23 Airbag pressure comparison between the UP and SPH methods as a 






SIDE IMPACT CRASH SIMULATIONS 
3.1 Side Impact Simulations 
Upon integrating the side curtain airbag and a Hybrid III dummy into an 
experimentally validated Neon FE model, an in-position side impact simulation was 
performed to validate the side impact modeling scenario using both the UP and SPH 
airbag modeling techniques.  Next, three out-of-position side impact scenarios were 
evaluated comparing the dummy head accelerations and neck forces for simulations using 
the UP and SPH methods.  Finally, simulations were performed to show the effects of the 
initial distance between the dummy’s head and airbag, the speed of the Moving 
Deformable Barrier (MDB) and the airbag inflation time using both the UP and SPH 
modeling methods. 
3.1.1 In-Position Simulations 
In-position side impact simulations were performed to compare the UP and SPH 
methods with each other and against the case of no airbag. The dummy positioned in in-
position can be seen in Figure 3.1. In this in-position case, the UP and SPH methods were 
expected to produce similar Head Injury Criteria (HIC) values, since the bags would be 
fully inflated with a constant internal pressure prior to the dummy making contact. Figure 
3.2 shows the dummy impact after 56 ms. Note that airbag is fully inflated prior to the 
dummy making impact. In the case of no airbag, the dummy actually impacts the 
window. Figure 3.3 shows the head acceleration traces for the three scenarios. The 
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accelerations for the UP and SPH methods are very similar and much lower than the case 
of no airbag, as expected. With the use of an airbag the peak acceleration of the head and 
the HIC was reduced by 65%. Also the peak acceleration and HIC values in the in-
position simulation were the same for both the airbag methods, as shown in Table 
3.1.The depression distance (see Appendix A for an explanation of the depression 




Figure 3.1 The in-position setup of the Hybrid III dummy inside the Dodge Neon 




(a) (b) (c)  
Figure 3.2 In position simulation states at point of impact (56 ms) for three different 
cases: (a) no airbag (b) UP method and (c) SPH method. This figure shows 
the airbag-head interaction during the impact. 
 
 
Figure 3.3  In-position  resultant head acceleration vs. time. This shows both UP and 
SPH methods produce similar peak accelerations when the dummy hits the 
airbag after it has been fully inflated. 
Table 3.1 Comparison of dummy accelerations and HIC values for in-position crash 





No Airbag 1 1 
UP 0.37 0.37 
SPH 0.30 0.34 
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3.1.2 Out-of-Position Simulations 
After completing the in-position simulations three OOP scenarios were studied. 
Three different OOP scenarios (OOP1, OOP2 and OOP3) were initially set up following 
the Technical Working Group (TWG) guidelines [36]. The HIC values were calculated 
similar to the frontal impact test. The seatbelt was turned off in all three OOP cases 
because it is not likely that the driver will be wearing a seatbelt in these OOP scenarios. 
3.1.2.1 OOP1 – Dummy’s Body Close to the Door 
In this OOP, the body is moved closer to the door as shown in Figure 3.4. This 
OOP was originally setup following the TWG 3.3.3.7.1 guidelines but it was slightly 
modified by moving the dummy 10 mm towards the door so that the dummy is closer to 
the airbag. During the crash, the body of the car comes into contact with the dummy’s 
pelvis and head. The simulation state at the point of impact between the dummy’s head 
and the airbag at 50 ms is shown in Figure 3.5. The airbag is fully inflated before the 
impact at 50 ms. As expected, the peak acceleration and the HIC values for the SPH and 
UP methods are the same, as shown in Figure 3.6 and Table 3.2. The HIC and peak 
accelerations of the dummy’s head for the simulations with an airbag were much lower as 
compared to the simulation with no airbag. The depression distance of the airbag at 




Figure 3.4 Dummy positioned in OOP1 inside the Dodge Neon model. In this OOP1 
the dummy’s body was shifted towards the door so that it is closer to the 
airbag. 
 
(a) (b) (c)  
Figure 3.5 OOP1 simulation states at point of impact (50 ms) for three different cases: 
(a) no airbag (b) UP method and (c) SPH method. This figure shows the 





Figure 3.6  OOP1 - Resultant head acceleration vs. time. This plot shows that both UP 
and SPH methods produce the same accelerations when the dummy hits the 
airbag after it has been fully inflated.  
Table 3.2 Comparison of dummy accelerations and HIC values for OOP1 crash 





No Airbag 1 1 
UP 0.31 0.38 
SPH 0.32 0.39 
3.1.2.2 OOP2 – Dummy’s Body Tilted towards the Window 
In this OOP, the dummy is positioned following the in-position guidelines but the 
dummy’s  head is leaning towards the window, as shown in Figure 3.7. This OOP was 
setup following the TWG 3.3.5.2.1 guidelines but was modified by rotating the dummy’s 
head by 5o so that the head is closer to the airbag. The simulation state at the point of 
impact between the dummy’s head and the airbag at 52 ms is shown in Figure 3.8. 
Similar to the OOP1, the airbag is fully inflated before the impact at 52 ms. As expected, 
the peak acceleration and the HIC values for the SPH and UP methods are the same, as 
shown in Figure 3.9 and Table 3.3. The HIC values and peak accelerations for the 
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simulations with an airbag were much lower as compared to the simulation with no 
airbag. The depression distance of the airbag at impact was 6.53 mm and 9.28 mm for the 
UP and SPH methods respectively. 
 
 
Figure 3.7 Dummy positioned in OOP2 inside the Dodge Neon model. In this OOP2 
the dummy’s body was tilted towards the windows so that the head is 
closer to the airbag. 
 
(a) (b) (c)  
Figure 3.8 OOP2 simulation states at point of impact (52 ms) for three different cases: 
(a) no airbag (b) UP method and (c) SPH method. This figure shows the 





Figure 3.9  OOP2 - Resultant head acceleration vs time. This plot shows that both the 
UP and SPH methods produce same accelerations when the dummy hits the 
airbag after it has been fully inflated. 
Table 3.3 Comparison of dummy accelerations and HIC values for OOP2 crash 





No Airbag 1 1 
UP 0.11 0.28 
SPH 0.12 0.29 
3.1.2.3 OOP3 – Dummy’s Body Turned, Back Facing Impact 
In this OOP, the dummy is turned so that the back of the dummy directly faces the 
impact, as shown in Figure 3.10. This OOP was setup following the TWG 3.3.5.3.1 
guidelines but was modified by moving the dummy 6 mm away from the door so that the 
airbag deploys in the space between the head and window. The simulation state at the 
point of impact of the dummy’s head with the airbag at 40 ms can be seen in Figure 3.11. 
Similar to the above two OOP cases, the HIC values and peak accelerations of the head 
were very similar for the SPH and UP methods as shown in Figure 3.12 and in Table 3.4. 
The HIC values for the simulations with an airbag were much lower as compared to the 
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simulation with no airbag. The depression distance of the airbag at impact was 7.75 mm 
and 9.36 mm for the UP and SPH methods respectively. 
 
 
Figure 3.10 Dummy positioned in OOP3 inside the Dodge Neon model. In this OOP3 
the dummy’s body was rotated in such a way that the dummy’s back was 
facing the impact. 
 
(a) (b) (c)  
Figure 3.11 OOP3 simulation states at point of impact (40 ms) for three different cases: 
(a) no airbag (b) UP method and (c) SPH method. This figure shows the 





Figure 3.12  OOP3 - Resultant head acceleration vs time.  This plot shows that both the 
UP and SPH methods produce same acceleration when the dummy hits the 
airbag after it has been fully inflated. 
Table 3.4 Comparison of dummy accelerations and HIC values for OOP3 crash 





No Airbag 1 1 
UP 0.26 0.34 
SPH 0.30 0.40 
3.1.2.4 Summary 
It was found for each of the OOP scenarios, the dummy’s head was hitting the 
airbag after it had fully inflated with stabilized final airbag pressure. As a result, 
insignificant differences in peak acceleration values, HIC values and the dummy’s head 
accelerations between the UP and SPH airbag modeling methods were observed.  This 
led to additional simulations to study the effect the initial distance between the dummy’s 




3.1.3 Effect of Initial Distance between the Dummy’s Head and the Airbag 
In this study, the initial separation of the dummy's head and the airbag was 
changed. The dummy was moved away from the airbag taking the OOP2 position as 
shown in Figure 3.13. Table 3.5 shows the comparison of peak velocity, peak 
acceleration and HIC for the UP and SPH methods.  As the dummy was moved away 
from the airbag, the peak accelerations and HIC values increased as a result of the 
increase in the relative velocity between the dummy’s head and the airbag, however the 
values were again very similar between  the UP and SPH  methods. 
 
 
Figure 3.13 Setup showing the direction in which the dummy was moved to study the 
effect of initial distance between the dummy’s head and the airbag on head 
acceleration, velocity and HIC. 
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Table 3.5 Effect of initial head-bag separation on velocity, acceleration and HIC. As 
the head is initially far from the airbag the velocity during impact is more 


















OOP2 9.7 40 106 9.6 39 111 
15 10.1 44 157 9.9 46 147 
30 10.3 49 179 10.3 50 185 
45 10.5 58 240 10.6 59 247 
75 10.8 68 317 10.8 66 320 
3.2 Parametric Study 
As shown in the previous section, the UP and SPH airbag modeling methods 
produce similar results if the dummy’s head hits the airbag after it was fully inflated. 
Figure 3.14 shows that there is a difference in the inflation of the UP and SPH methods. 
So, if the dummy’s head impacts the airbag as it is inflating, a difference in the head 
accelerations would be expected between the two methods.  To study this effect, the 
speed of the MDB was increased and the airbag inflation time was decreased in order to 
get the dummy’s head to impact the airbag during inflation. The following sections 





Figure 3.14 Time lapse images showing the difference in airbag deployment in UP and 
SPH methods. The unrolling process in SPH is smoother when compared to 
UP method which tries to balloon up during its inflation. 
3.2.1 Effect of Moving Deformable Barrier Speed 
In this study, the speed of the Moving Deformable Barrier (MDB) was increased 
up to 50 mph (80.4 kph) to investigate its effect on the head acceleration and HIC. By 
increasing the MDB speed the relative velocity between the airbag and head also 
increased making the head more susceptible to injury [e.g., see Table 3.6]. The dummy 
was in an in-position seating arrangement in this study. 
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Table 3.6 Variation of peak head acceleration and HIC15 with MDB speed.  At 50 
mph the HIC and head accelerations are no longer the same for the UP and 
SPH methods. 
Speed (mph) Peak Head Acceleration (G) HIC15 
No Airbag UP SPH No Airbag UP SPH 
32.6 
(Baseline) 
133 50 46 580 215 174 
35 138 53 49 1013 273 209 
40 155 65 94 1273 415 524 
45 191 122 125 2739 1590 1843 
50 218 136 164 3910 2353 3009 
 
 
Figure 3.15 Variation of HIC15 with MDB speed showing there is a significant 
difference between the values at 50 mph for UP and SPH methods. 
Figure 3.15, shows that up to 40 mph, there is very little difference in the HIC 
values calculated using the UP and SPH methods. However, as the speed increases 
(above 40mph), the HIC results produced by the SPH and UP methods diverge with the 
SPH producing higher HIC values.  For speeds above 40 mph showed that the airbag 
mitigated the HIC15 value to some extent, it did not provide sufficient protection for the 
occupant compared to much lower speeds. The depression distance measured only 0.017 
mm, indicating the airbag had collapsed and thus the dummy’s head was actually 
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impacting the door, as shown in Figures 3.16, thus leading the increased HIC value being 
produced by the SPH method.  Figure 3.17 shows the SPH airbag has a lower pressure at 
40 ms compared with the UP airbag. 
 
(a) (b)  
Figure 3.16  Simulation states showing the head’s impact with the airbag at t = 40 ms in 
50 mph simulation using two different airbag simulation methods: (a) UP 





(b) (c)  
Figure 3.17  Comparison of the dummy’s (a) head acceleration (b) the airbag pressure 
(c) and the airbag volume as a function of time for a side impact simulation 
at 50 mph. The acceleration plot shows a difference in the peak 
acceleration as the airbag pressure in the SPH method was not enough to 
absorb the energy during the impact. 
In this study up to 40 mph the dummy was hitting the airbag after it was fully 
inflated and the acceleration and HIC of the head were once again the same for the UP 
and SPH method as expected. At 50 mph the dummy’s head was hitting the airbag during 
inflation but the pressure in the airbag was not sufficient enough to absorb the energy 
from such a high speed impact. 
3.2.2 Effect of Airbag Inflation Time 
In this study, the time at which the airbag starts to inflate was delayed by 20 ms 
and 30 ms to force the dummy's head to come into contact with the airbag while the 
airbag was in its initial stages of inflation. For this study, the OOP2 dummy position was 
chosen because in this scenario the dummy's head is very close to the airbag and 
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therefore this position is very much affected by the inflation time and the subsequent 
inflation process. 
For comparison purposes, three different simulations were run using no delay, 20 
ms delay and 30 ms delay in the inflation time. In the case of no delay, the head impacts 
the airbag when the airbag had fully inflated and the pressure inside it had stabilized. The 
way the dummy's head impacts the airbag at 50 ms can be seen in the Figure 3.18. 
Figures 3.19(b) and 3.19(c) show that when the dummy’s head impacts the airbag, the 
pressure and volume of the airbag have completely stabilized. Thus, the peak head 
accelerations for both methods were the same as shown in Figure 3.19(a). Figure 3.20 
shows the time lapse of the airbag unrolling and the comparison of volume and pressure 
at different times. 
 
(a) (b)  
Figure 3.18  Simulation states showing the head’s impact with the airbag at t = 50 ms 
for the no delay case using two different airbag simulation methods: (a) UP 





(b) (c)  
Figure 3.19  Plots of (a) acceleration, (b) airbag pressure and (c) airbag volume for the 
no delay case as a function of time. There is very little difference in head 




Simulation State Volume     




Time UP SPH UP SPH UP SPH 
 
0 0 0 0 
 
3.6 1.74 0.266 0.613 
 
6.16 2.4 0.184 0.302 
 
6.32 4.25 0.185 0.215 
 
 
Figure 3.20 Comparison of airbag deployment, airbag volume and airbag pressure at 
different time for the two airbag methods (no delay). 
In the case of a 20 ms inflation delay, the dummy’s head impacts the airbag 
approximately at 30 ms and 38 ms for the UP and the SPH methods respectively, as 
shown in Figure 3.21. Figures 3.22(b) and 3.22(c) show that the pressure and volume in 
both methods are not the same when the head impacts the airbag and thus there is a 
significant difference in the peak head accelerations in both methods as shown in Figure 
3.22(a).  Here, the airbag pressure at peak acceleration was slightly higher for the SPH 
method than the UP method. The airbag volume at peak acceleration for SPH was 43% 
lower than UP. The volume increase slowed down in the SPH method due to the head 
impression restricting the gas flow (Refer to Figure 3.21). The time lapse of the airbag 
unrolling and the comparison of pressure and volume at different times can be seen in 




(a) (b)  
Figure 3.21  Simulation states showing the head’s impact with the airbag for the 20-ms 
delay case using two different airbag simulation methods: (a) UP method (t 
= 30 ms) (b) SPH method (t = 36 ms).  
 
(a) (b)  
(c)  
Figure 3.22  Plots of (a) acceleration (b) airbag pressure and (c) airbag volume for the 
20-ms delay case as a function of time. There is a difference in peak 




Simulation State Volume     




Time UP SPH UP SPH UP SPH 
 
0 0 0 0 
 
2.9 0.80 0.33 0.319 
 
6.16 2.40 0.180 0.296 
 
6.32 4.25 0.189 0.191 
 
 
Figure 3.23 Comparison of airbag deployment, airbag volume and airbag pressure at 
different time for the two airbag methods (20-ms delay). 
In the case of 30 ms inflation delay simulations, the dummy’s head is impacting 
the airbag when it is inflating. Figure 3.24 shows the interaction of the dummy’s head 
with the airbag at 40 ms. Figures 3.25(b) and 3.25(c), show that the pressure and volume 
of both the methods are not the same during the time of impact. Due to this reason the 
peak head acceleration was different in both the methods as shown in Figure 3.25(a). The 
airbag pressure at peak acceleration for SPH method was 25% higher than that of UP 
method. Similar to the 20 ms delay situation the airbag volume of SPH was 30% lower 
than the UP method. The time lapse pictures of the airbag unrolling, the pressure, and the 
volume comparison at different times can be seen in Figure 3.26. The depression distance 
of the airbag for the 30-ms delay was 0.14 mm (UP) and 0.26 mm (SPH) indicating the 




(a) (b)  
Figure 3.24 Simulation states showing the head’s impact with the airbag at t = 40 ms 
for the 30-ms delay case using two different airbag simulation methods: (a) 
UP method (b) SPH method. 
 
(a) (b)  
(c)  
Figure 3.25  Plots of (a) acceleration, (b) airbag pressure and (c) airbag volume for the 
30-ms delay case as a function of time. There is a difference in peak 




Simulation State Volume     




Time UP SPH UP SPH UP SPH 
 
0 0 0 0 
 
1.76 1.09 0.572 0.814 
 
4.88 3.45 0.214 0.337 
 
5.85 5.36 0.186 0.223 
 
 
Figure 3.26 Comparison of airbag deployment, airbag volume and airbag pressure at 
different time for the two airbag methods (30-ms delay). 
Table 3.7 Comparison of peak acceleration and airbag volume for the two methods at 
different inflation delay times. There is a difference in head acceleration 
only when the dummy hits the airbag during inflation. 
No Delay Peak acceleration (G) Bag volume at impact  (x106 mm3) 
UP 40 (at 50 ms)    7.0 
SPH 39 (at 50 ms) 6.8 
20ms Delay Peak acceleration (G) Bag volume at impact  (x106 mm3 ) 
UP 70 (at 30 ms)    2.8 
SPH 55 (at 36 ms) 1.6 
30ms Delay Peak acceleration (G) Bag volume at impact  (x106 mm3 ) 
UP 142 (at 40 ms)    1.6 
SPH 127 (at 40 ms) 1.1 
 
Table 3.7 summarizes the results of the airbag inflation time delay simulations.  
As mentioned previously, the SPH and the UP methods produce about the same head 
acceleration and HIC results if the dummy does not impact the bag before it is fully 
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inflated as in the case of no delay. As the delay in inflation time is increased, these two 





CONCLUSIONS AND FUTURE WORK 
In this comprehensive study, full scale finite element simulations of a 1996 Dodge 
Neon FE model were performed in frontal and side impact scenarios. The acceleration 
and velocity responses from various parts of the vehicle and dummy were compared to 
the test data. The crash profile of the vehicle in frontal and side impact vehicles matched 
well with the test report. The timing and trend of the curves also matched the test data. 
After validating the model, crashworthiness study was performed for Out-of-Position 
(OOP) occupants incorporating a 50th percentile Hybrid III dummy and a side curtain 
airbag in an experimentally validated 1996 Dodge Neon under side impact scenarios. 
Two different methods of airbag inflation techniques, namely the uniform pressure (UP) 
and the smooth particle hydrodynamics (SPH) were compared for the case when the 
dummy is in OOP.  
There are a number of findings in this study that impact our understanding of 
OOP-airbag interactions in side impact scenarios and were previously unknown, i.e, 
1) There is very little difference between UP and SPH methods if the dummy’s 
head impacts the airbag after it has fully inflated. However, when the 
dummy’s head impacts the airbag during the inflation process, the modeling 
of the airbag gas dynamics becomes critical in predicting the dummy 
response. This study found that both the UP and SPH methods inflate to 
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almost the same pressure when the dummy strikes the airbag. Due to this the 
acceleration and HIC of the dummy’s head were similar for both the methods. 
2) In the three different OOP cases simulated (OOP1, OOP2 and OOP3), the 
dummy’s head impacted the airbag after it was fully inflated.  Consequently, 
the HIC15 and peak acceleration of the dummy’s head were similar between 
the three cases. 
3) As the moving deformable barrier (MDB) speed was increased to 50 mph, the 
pressure in the airbag was not sufficient to absorb the energy during side 
impact at high speeds.  In fact, while there was very little change in the HIC15 
value for speeds under 30 mph, speeds above 40 mph showed that while the 
airbag mitigated the HIC15 value to some extent, it did not provide sufficient 
protection for the occupant compared to much lower MDB speeds. 
4) There is a difference between the HIC and peak acceleration when the 
inflation of the airbag is delayed by 20 ms and 30 ms.  This difference results 
from the dummy’s head impacting the airbag during inflation.  When the 
dummy strikes the airbag during inflation, the rate of volume increase in the 
airbag is critical for determining the peak acceleration and HIC.  Hence, the 
method used for simulating airbag deployment is also critical in these 
applications. 
5) The SPH method, which models the gas dynamics in the airbag, causes the 
airbag to unroll more uniformly, while with the UP method, the airbag tends 
to balloon and open up rather than unroll.  Again, depending on the timing of 
the dummy’s head impact with the airbag, these differences in inflation can 
produce significant differences in dummy head accelerations.  Thus, the SPH 
 
60 
method and its ability to capture the gas dynamics in the airbag are vital when 
studying OOP cases where the dummy interacts with the airbag during 
inflation. 
Future studies stemming from this research may include running multiple impact 
scenarios using design of experiments (DOE) with the simulation methodology 
developed herein to optimize vehicle and airbag parameters for increased occupant 
safety.  The important airbag parameters for such a study include: 
1) The number of computational particles employed with the Smooth Particle 
Hydrodynamics (SPH) to represent the amount of air, 
2) The moving deformable barrier (MDB) strike velocity, 
3) The airbag-head separation distance, 
4) Different airbag inlet temperatures, and 
5) Different trigger times between the moment of impact with the MDB and the 
time when the airbag starts to inflate. 
The head injury of the crash dummy can be compared with and without side 
curtain airbags to delineate the relationship between crash severity, head injury of the 
dummy and airbag-head separation distance for the different parameters mentioned 
above.  In addition, the Hybrid III dummy model used in this work can be replaced by a 
higher-fidelity human FE model to appropriately capture the mechanics within the actual 
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The depression distance which is the separation of the dummy’s head and the 
outer fabric of the airbag at the time of impact was calculated for all the simulations. The 
airbag is considered collapsed when this distance is zero. The depression distance is 
shown in the Figure 4.1. 
 
 
Figure 4.1 The depression distance of an airbag during the impact showing that when 
this distance approaches zero the airbag is collapsed 
 
